
CHAPTER II
THEORETICAL BACKGROUND AND LITERATURE REVIEW

REFERENCES

2.1 Smart Packaging

According to its definition on Britannica Online Encyclopedia 
(www.britannica.com), smart packaging is a packaging o f food, which offers several 
properties that satisfy the special needs o f some foods. Its model (Figure 2.1) is an 
association with an active and an intelligent function. For example, certain packages 
made with oxygen-absorbing material can prevent the oxidation o f oxygen-sensitive 
products because the materials are capable o f removing oxygen inside o f them. 
Moreover, a temperature-sensitive film shows an abrupt change in gas permeability 
when it is subjected to a temperature above or below a set constant.

Since such a smart packaging can help controlling the atmosphere o f a food 
product, it is very useful in creating conditions which are able to extend a food 
storage life. The packaging material generally used for foods may be categorized as 
flexible (papers, thin laminates, and plastic films), semi-rigid (aluminum foil, 
laminates, paperboard, and thermoformed plastics), and rigid (metals, glasses, and 
thick plastics). Plastics are extensively used in food packaging because o f being 
relatively cheap, lightweight, and easy to be formed into desired shapes.

F igure 2.1 Model of packaging function.

http://www.britannica.com
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There are tremendous kinds o f active and intelligent packaging as below 
(Table 2.1):

Table 2.1 Examples o f active and intelligent packaging

Active Packaging Intelligent Packaging
Anti-microbial Time-temperature indicators

Ethylene scavenging Microbial spoilage sensors/indicators
Heating/cooling Physical shock indicators

Moisture absorbing Leakage sensors
Odor and flavor absorbing/releasing Allergen sensors

Oxygen scavenging Microbial growth sensors
Spoilage retarder Pathogens and contaminants sensors

As Murphy e t  a l . (2003) mentioned while maintaining the quality o f the 
packaged products, an active packaging was actively changed the condition of the 
packaged food to either extend shelf-life o f products or to improve safety and 
sensory properties. Conversely, an intelligent packaging was employed to monitor 
the condition o f packaged foods to give some information in terms o f quality o f the 
packaged food during storage and transportation.

For example, regarding an active film, a modified atmosphere packaging 
(MAP) was capable o f prolonging the shelf-life o f product and it was the fastest 
emerging technology for food packaging. Statistically, the numerous amounts of 
packed products in Europe using MAP technology were likely to exceed 20 billion a 
year. The MAP uptake was currently rapid in markets i.e. fish, fruits and vegetables 
as well as fresh meat. In addition, some people strongly held that the active 
packaging product would be achieved from combination with MAP, so the MAP 
needed the use o f  barrier materials for packaging including transparent flexible films 
by reason o f providing benefits from combination with the active packaging (Murphy 
e t  a l . ,  2003). Apart from the MAP, a recent report also demonstrated that there were 
several tremendously available active packaging segment dominated by oxygen
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scavengers, moisture absorbers and barrier packaging product, accounting for 80% of 
the market (Robinson and Morrison, 2010).

W ith regard to an intelligent packaging, there were various kinds o f them, 
such as TTIs (Time Temperature Indicators) and TTBs (Time Temperature 
Biosensors). Aside from the temperature sensors, there were other types o f sensors 
such as spoilage indicators, which were still on the early stages o f development. 
However, pathogen indicators, which had particular detection o f a specific sort o f 
pathogen were still on the onset stages o f development as well. (Murphy e t  a l . ,  2003)

According to TIME magazine (2004), it reported a new sensor for fruit 
ripeness named “r i p e S e n s e ๑” (Figure 2.2). The sensor was capable o f indicating the 
ripeness o f fruit by changing its color in response to deterioration of fruits. The 
performance o f this sensor helped enabling consumers to easily make a decision to 
purchase products at their preferred degree of ripeness. Therefore, this sensor was 
able to be used as a smart choice for the moniter o f agricultural products by the 
naked eyes.

Figure 2.2 Ripeness sensor from RJPSENSE®. (http://www.ripesense.com)

http://www.ripesense.com
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2.2 Intelligent Film for Fish Freshness Indicator

An intelligent or sensor film is useful for facilitating decision making to 
consumers because it provides a great deal o f essential information on quality and 
safety, and particular warning possible problems to consumers (Rukchon e t  a l . , 
2011). In the case o ffish  products, both volatile and non-volatile amines are formed 
during the breakdown o f their freshness. Total volatile basic nitrogen (TVBN) plays 
a significant role in being a marker indicating fish freshness it is, therefore, a reliable 
method for assessing the quality o f fish during storage.

Kuswandi e t  a l . (2 0 1 2 ) showed a new colorimetric label for fish spoilage 
based on polyaniline (PANI) film. Its usefulness was a chemical sensor, o f which the 
function was pH-sensitive film, for a real-time monitor on the breakdown products in 
the headspace area o f packaged fish. The visible color (Figure 2.3) o f PANI film 
changed from green (freshness indicator) to blue (spoilage indicator) in response to 
total volatile basic nitrogen (TVBN) or amine released during the spoilage o f fish. 
The outset stage o f color change was approximately after 8  hr at room temperature. 
The color change o f PANI film toward spoiling fish originated from the occurrence 
o f the protonation-deprotonation process in PANI film. From the mechanism, it was 
concluded that there was the presence o f an effective proton migration, which 
enabled protons from the green emeraldine (proton donor) to change into blue 
emeraldine base (proton acceptor).

still fresh

(a) (b)

Fresh fish

Figure 2.3 (a) Sensor design and (b) its application as a smart packaging for
milkfish.
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2.3 Overview of Polymer-Clay Nanocomposites

According to www.nanocompositech.com, polymer nanocomposites are 
advanced materials divided into three new classes namely polymer/clay 
nanocomposites, polymer/metal nanocomposites, and polymer/carbon-nanotube 
nanocomposites. Polymer/clay nanocomposites are strongly highlighted on the 
thesis.

Among materials, polymer/clay nanocomposites have recently drawn the 
attention from researchers due to their remarkable improvements on properties o f 
materials compared to conventional micro- or macro-composites as well as pure 
polymers. The resulting improvements are high moduli, increased strength and heat 
resistance, decreased gas permeability and flammability, including increased 
biodegradability o f biodegradable polymers.

2.3.1 Clay Chemistry
Clay minerals are also considered as layer silicates molecules, which 

belong to same common family o f 2 : 1  layered or phyllosilicates, because their crystal 
structure consists o f layers. The layers are built up o f two tetrahedrally-coordinated 
silicon atoms connected to an edge-shared octahedral sheet o f either aluminum or 
magnesium hydroxide (Figure 2.4). The layer thickness is about 1 nm, whilst the 
lateral dimensions o f these layers depending upon the particular-layered silicate 
which may vary from 30 nm to many microns or larger. Moreover, stacking of the 
layers causes a rectangular van der Waals discrepancy between the layers so-called 
g a l l e r y  or in t e r la y e r .  Certain isomeric replacements within the layers, such as 
Al3+substituted by Mg2+or Fe2+, generate negative charges counterbalanced by alkali 
and alkaline earth cations located inside the galleries (Table 2.2). The cation 
exchange capacity (CEC, meq/100 g) used to characterize a type o f layered silicate 
and considered as an average value over the whole crystal is not locally constant, yet 
varies from layer to layer. (Ray and Okamoto, 2003)

http://www.nanocompositech.com
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Figure 2.4 The Structure o f 2:1 phyllosilicates. (Ray and Okamoto, 2003)

Table 2.2 Ions found in phyllosilicate minerals (University o f New Hampshire, 
1998)

Ions found in Phyllosilicate Minerals
Common constituents Occasional constituents Cations found in 

interlayer spaces
ion radius rc/r0 ion radius rc/r0 ion radius rc/r0

o 2- 0.135 - Nii+ 0.074 0.55 Na+ 0 . 1 0 1 0.75
Si4+ 0.040 0.30 Ti4+ 0.060 0.44 K+ 0.134 1 . 0 0

A1J+ 0.055 0.41 Z n  + 0.057 0.42 Cs+ 0.163 1.24
Fei+ 0.080 0.59 Mn2+ 0.083 0.61 Ca2+ 0.105 0.78
FeJ+ 0.067 0.54 Mnj+ 0.072 0.53 Ba2 4 0.140 1.03
Mg2+ 0.078 0.58 Mn4+ 0.052 0.39 Sr2+ 0.118 0.87

Li+ 0.076 0.56 h 2 0 0.145
CrJ+ 0.065 0.48 n h 4+ 0.143
Cu+ 0.095 0.70

, where rc is hydrated radius o f the exchange cation; r0, ionic radius o f the oxygen
atom.
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2 .3 .2  S o d iu m  B e n to n i te
T h e  b e n to n i te  c la y , w id e ly  k n o w n  a s  s o d iu m  b e n to n i te ,  is  r ic h  in  

m o n tm o r i l lo n i te .  T h e  b e n to n i te  is  n a n o - s t r u c tu re d  a n d  n a n o - p o ro u s  m in e ra l  o f  
s m e c t i te  g r o u p  (H a y a t i - A s h t ia n i ,  2 0 1 1 ) . S e e in g  th a t  m o n tm o r i l lo n i te ,  th e  m o s t- u s e d  
c la y  in  w id e  ra n g e  o f  a p p l ic a t io n s  ( J a b e r  a n d  M ie h é - B re n d lé ,  2 0 0 8 ) ,  is  th e  m a jo r  
c o m p o s i t io n  o f  b e n to n ite  a n d  h a s  a n  e f fe c t  o n  th e  w h o le  p r o p e r t ie s  a n d  a p p l ic a t io n s  
o f  b e n to n i te ,  m o n tm o r i l lo n i te  a n d  b e n to n ite  s o m e t im e s  in te r c h a n g e  n a m e s . 
( h t tp : / /w w w .a b o u tc la y .c o m )

M M
&

n m

One Clay P late let 

L: 1 0 0  -  2 0 0  nm in c a s e  of  MMT

(a)

Figure 2.5 S c h e m a tic  r e p r e s e n ta t io n  (a )  a n d  f r a m e w o r k  (b )  o f  s o d u im  b e n to n ite . 
(R a y  a n d  O k a m o to , 2 0 0 3 ; J a b e r  a n d  M ie h é -B re n d lé ,  2 0 0 8 )

http://www.aboutclay.com
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Table 2.3 T h e  p e r c e n t  c o m p o s i t io n  o f  b e n to n i te  ( h t tp : / /w w w .b e n to n i te c la y 9 .c o m )

Compositions Percent
S i 0 2 7 4 .2 5

A I2O 3 1 3 .5 6
F e 20 3 3 .9 0
T i 0 2 0 .8 7
fi2o 0 .6 7
k20 0 .5 3
C a O 0 .3 8
M g O 0 .3 3
p20 5 0 . 0 2

M n O 0 . 0 1

C r 4 2  p p m
Z n 2 3  p p m
G e 4 .5  p g /g

2 .3 .3  S tr u c tu re  a n d  P ro p e r t ie s  o f  C la y
C la y s , w h ic h  a re  th e  m o s t  g e n e ra l ly  u s e d - la y e r e d  s i l ic a te s ,  h a v e  tw o  

g e n re s  o f  s t r u c tu r e :  te t ra h e d ra l-  a n d  o c ta h e d ra l - s u b s t i tu te d .  T h e  n e g a t iv e  c h a rg e  is  
lo c a te d  o n  th e  s u r fa c e  o f  s i l ic a te  la y e rs  in  c a s e  o f  t e t r a h e d r a l ly - s u b s t i tu te d  la y e re d  
s i l ic a te s ;  th e re b y , th e  p o ly m e r  m a tr ic e s  a re  a b le  to  r e a d i ly  r e a c t  w i th  th e s e  r a th e r  th a n  
w ith  o c ta h e d ra l - s u b s t i tu te d  m a te r ia ls .

It d e p e n d s  o n  th e  s tru c tu re  a n d  c h e m is t ry  fo r  th e s e  la y e re d  s i l ic a te s  in  
F ig u re  2 .4  a n d  2 .5  a s  w e ll a s  T a b le  2 .3  a n d  T a b le  2 .4 ,  r e s p e c t iv e ly .  T h e r e  a re  tw o  
r e m a r k a b le  c h a r a c te r is t ic s  o f  la y e re d  s i l ic a te s ,  w h ic h  a re  c o m m o n ly  d e te rm in e d . 
B o th  a re  th e  a b i l i ty  o f  th e  s i l ic a te  p a r t ic le s  to  d is p e r s e  in to  in d u v id u a l  la y e rs  a n d  th e  
a b i l i ty  o f  th e m  to  a d ju s t  s u r fa c e  c h e m is t ry  v ia  io n - e x c h a n g e d  r e a c t io n s  w ith  o rg a n ic  
a n d  in o rg a n ic  c a t io n s .  T h e  c h a r a c te r is t ic s  a re  a c tu a l ly  in te r c a la te d  r e s u l t in g  f ro m  th e  
d e p e n d e n c e  o f  in te r la y e r  c a t io n s  o n  th e  d e g re e  o f  d i s p e r s io n  o f  la y e re d  s i l ic a te s  in  a 
p o ly m e r  m a tr ix .

http://www.bentoniteclay9.com
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Table 2.4 C h e m ic a l  fo rm u la  a n d  c h a r a c te r is t ic  p a r a m e te r  o f  c o m m o n ly  u s e d  
2:1 p h y l lo s i l ic a te s  ( R a y  a n d  O k a m o to ,  2 0 0 3 )

2:1  phyllosilicates Chemical formula CEC (meq/100 g) Particle length 

(nm)

Monmorillonite MfiAl.t-,Mg,)Si8C)20(Ol1R 110 100- 150

Hectorite Mx(Mg6.,Lfi)Si8O20(OH)4 1 2 0 2 0 0 -3 0 0

Saponite M,Mg6(Si8-,AySi8O20(OH)4 8 6 .6 50-60

, w h e r e  M , m o n o v a le n t  c a t io n ;
X , d e g re e  o f  is o m o rp h o u s  s u b s t i tu t io n  (b e tw e e n  0 .5  a n d  1 .3 ).

2 .3 .4  T y p e s  o f  P o ly m e r /C la v  N a n o c o m p o s i te s

2 .3 .4 .1  Types o f  P o lym ers  u se d  f o r  n a n o c o m p o s ite s  p re p a ra tio n  w ith
c la y

V a r io u s  p o ly m e rs  f e a s ib ly  u s e d  fo r  p r e p a r a t io n  o f  
n a n o c o m p o s i te s  a r e  c o n v e n t io n a l ly  d iv id e d  a s  fo llo w in g :

(a )  V in y l p o ly m e rs  in c lu d in g  th e  v in y l  a d d i t io n  p o ly m e rs  
d e r iv e d  c o m m o n  m o n o m e rs  lik e  m e th y l m e th a c ry la te  a s  w e l l  a s  th e  s e le c t iv e  
p o ly m e r s  l ik e  p o ly (v in y l  a lc o h o l)

(b )  C o n d e n s a t io n  ( s te p )  p o ly m e rs :  s e v e ra l  te c h n o lo g ic a l ly -  
c r u c ia l  p o ly c o n d e n s a te s  h a v e  b e e n  e m p lo y e d  in  p r e p a r a t io n  o f  n a n o c o m p o s i te s  i.e . 
p o ly a m id e s ,  p o ly c a rb o n a te ,  e p o x y  p o ly m e r  r e s in s  (E P R ) , e tc .

(c )  P o ly o le f in s  s u c h  a s  p o ly e th y le n e ,  p o ly p r o p y le n e ,
p o ly b u ta d ie n e ,  e tc .

(d )  S p e c ia l ty  p o ly m e r s  in c lu d in g  th e  N - h e te ro c y c l ic  
p o ly m e r s  lik e  p o ly p y r ro le  (P P Y )  a n d  p o ly a ro m a t ic s  s u c h  a s  p o ly a n i l in e  ( P A N )

(e )  B io d e g ra d a b le  p o ly m e r s  s u c h  a s  p o ly la c t id e ,  a l ip h a tic  
a n d  u n s a tu ra te d  p o ly e s te r ,  a s  w e l l  a s  p o ly h y d ro x y  b u ty ra te ,  e tc .
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2 .3 .4 .2  T ypes o f  P o ly m e r /C la y  N a n o c o m p o s ite s
G e n e ra l ly ,  th e re  a re  th re e  m a in  ty p e s  o f  p o ly m e r /c la y  

n a n o c o m p o s i te s ,  w h ic h  a re  th e rm o d y n a m ic a l ly  a c c o m p lis h a b le .  T h e i r  ty p e s  d e p e n d  
o n  th e  s t r e n g th  o f  in te r f a c ia l  b e tw e e n  th e  la y e re d  s i l ic a te s  ( m o d if ie d  o r  n o t)  a n d  th e  
p o ly m e r  m a tr ix  (R a y  a n d  O k a m o to , 2 0 0 3 )  o n  th e  g r o u n d s  o f  th e  n a tu re  o f  th e  
c o m p o s i t io n  u s e d  ( c la y , o rg a n ic  c a t io n ,  a n d  p o ly m e r  m a tr ix ) ,  a n d  th e  p r e p a ra t io n  
a p p r o a c h  ( A le x a n d r e  a n d  D u b o is ,  2 0 0 0 )

(a )  P h a s e - s e p a r a te d  n a n o c o m p o s i te s :  a  p h a s e -s e p a ra te d  
c o m p o s i te  ( F ig u re  2 .6  (a ) )  is  o b ta in e d  w h e n  th e  p o ly m e r  c a n n o t  in te r c a la te  b e tw e e n  
th e  s i l ic a te  s h e e ts .  I ts  p ro p e r t ie s  a re  o n  th e  s a m e  r a n g e  a s  c o n v e n t io n a l  m ic r o 
c o m p o s i te s .  ( A le x a n d r e  a n d  D u b o is ,  2 0 0 0 )

(b )  I n te r c a la te d  n a n o c o m p o s i te s :  th e  in s e r t io n  o f  a
p o ly m e r  m a tr ix  in to  th e  la y e re d  s i l ic a te  s t r u c tu r e  (F ig u re  2 .6  (b ) )  ta k e s  p la c e  in  a  
c r y s ta l lo g r a p h ic a l ly  r e g u la r  fu n c t io n , r e g a r d le s s  o f  th e  c la y  to  p o ly m e r  ra tio . 
C o m m o n ly ,  in te r c a la te d  n a n o c o m p o s i te s  a re  in te r la y e r  b y  a  f e w  m o le c u la r  la y e rs  o f  
p o ly m e r . P r o p e r t ie s  o f  c o m p o s i te s  g e n e ra l ly  r e s e m b le  th o s e  o f  c e ra m ic  m a te r ia ls .  
C o n c e p tu a l ly ,  th e  in te r c a la te d  a n d  th e  f lo c c u la te d  n a n o c o m p o s i te s  a re  th e  s a m e  b u t 
s i l ic a te  la y e rs  a re  o c c a s io n a l ly  f lo c c u la te d  a s  a  r e s u l t  o f  a n  e d g e - e d g e  in te r a c t io n  o f  
h y d r o x y la te d  o f  th e  s i l ic a te  la y e rs . (R a y  a n d  O k a m o to ,  2 0 0 3 )

(c )  E x f o l ia te d  n a n o c o m p o s i te s :  a n  a v e ra g e  d is ta n c e
(F ig u re  2 .6  (c ))  b e tw e e n  th e  in d iv id u a l  c la y  la y e rs  s e p a r a te d  in  a  c o n t in u o u s  p o ly m e r  
m a tr ix  d e p e n d s  o n  th e  c la y  lo a d in g . T h e  c o n te n t  o f  c la y s  a d d e d  in to  n a n o c o m p o s i te s  
is u s u a l ly  m u c h  lo w e r  th a n  th a t  o f  a n  in te r c a la te d  n a n o c o m p o s i te s  (R a y  a n d  
O k a m o to ,  2 0 0 3 ) .
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L a y e r e d  s ilica te  P o ly m e r

(a ) P h a s e  s e p a r a te d  (b ) I n te r c a la t e d  (c) E x fo l ia te d

(m ic ro c o m p o s ite )  (n a n o c o m p o s ite )  (n a n o c o m p o s ite )

Figure 2.6 S c h e m e  o f  v a r io u s  ty p e s  o f  c o m p o s i te s  d e r iv e d  f ro m  in te r a c t io n  
b e tw e e n  c la y  a n d  p o ly m e r :

(a )  p h a s e - s e p a ra te d  m ic r o c o m p o s i te ;  (b )  in te r c a la te d  n a n o c o m p o s i te ;
(c )  e x f o l ia te d  n a n o c o m p o s i te .  (A le x a n d re  a n d  D u b o is ,  2 0 0 0 ;  H e n r ie t te ,  2 0 0 9 )

2 .3 .5  P re p a ra t iv e  A p p r o a c h e s  o f  P o lv m e r /C la y  N a n o c o m p o s i te s
T h e  a p p ro a c h e s  a re  d iv id e d  in to  th re e  m a in  w a y s  d e p e n d in g  o n  th e  th e  

s ta r t in g  m a te r ia ls  a n d  p r o c e s s in g  te c h n iq u e s  a s  b e lo w : (R a y  a n d  O k a m o to ,  2 0 0 3 )

2 .3 .5 .1  P re -p o ly m e r  fr o m  so lu tio n  o r  in te rc a la tio n  o f  p o ly m e r
T h is  w a y  is  b a s e d  o n  a  s y s te m  o f  s o lv e n t  w h e re  th e  p r e 

p o ly m e r  o r  th e  p o ly m e r  is  s o lu b le  a n d  th e  s i l ic a te  la y e rs  a re  s w e l la b le .  F irs t  o f  a ll , 
th e  la y e rs  is  s w o l le n  in  a  s o lv e n t  (w a te r , to lu e n e , o r  c h lo r o f o r m )  a n d  th e n  m ix e d  w ith  
th e  p o ly m e r . C o n s e q u e n t ly ,  th e  s o lv e n t  w i th in  th e  in te r la y e r  is  r e p la c e d  a n d  
in te r c a la te d  b y  th e  p o ly m e r  c h a in s . In d e e d , th e  p o ly m e r /c la y  n a n o c o m p o s i te s  
r e m a in in g  th e  in te r c a la te d  s tru c tu re  a lso  re ly  o n  th e  r e m o v a l  o f  s o lv e n t .

2 .3 .5 .2  In s itu  in terca la tive  p o ly m e r iza tio n  m e th o d
T h e  la y e re d  s i l ic a te s  a re  s w o l le n  w i th in  th e  l iq u id  m o n o m e r . 

T h e re b y , th e  fo rm a t io n  o f  p o ly m e r  is  a b le  to  h a p p e n  b e tw e e n  th e  in te r c a la te d  
g a l le r ie s .  E i th e r  h e a t o r  r a d ia t io n , th e  d i f f u s io n  o f  a  s u i ta b le  in i t i a to r ,  o r  a n  o rg a n ic
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in i t i a to r  o r  c a ta ly s t  f ix e d  v ia  c a t io n -e x c h a n g e  in s id e  th e  in te r la y e r  b e f o r e  th e  s w e l l in g  
s te p  c a n  in i t i a te  th e  p o ly m e r iz a t io n .

2 .3 .5 .3  M e lt in te rca la tio n  m e th o d
T h is  m e a n s  h a s  a  g re a t  p o te n t ia l  o v e r  e i th e r  in  s i tu

in te r c a la t iv e  p o ly m e r iz a t io n  o r  p o ly m e r  s o lu t io n  in te r c a la t io n  th a n k s  to  its
e n v i r o n m e n ta l ly  f r ie n d ly  m e th o d  in  w h ic h  th e re  is  th e  a b s e n c e  o f  o r g a n ic  s o lv e n ts . 
T h e  m e th o d  a l lo w s  th e  u s e  o f  p o ly m e rs  w h ic h  a re  n o t  a p p ro p r ia te  fo r  tw o  p re v io u s  
m o d e s . M o re o v e r ,  it  is  c o m p a t ib le  w ith  c u r r e n t  in d u s tr ia l  p ro c e s s ,  s u c h  a s  in je c t io n  
a n d  e x t r u s io n  m o ld in g . L a s tly , th is  m e th o d  is  c o n c e rn e d  w i th  a n n e a l in g ,  s ta t ic a l ly  o r  
u n d e r  s h e a r ,  a  m ix tu r e  o f  th e  p o ly m e r  a n d  o r g a n ic a l ly - m o d if ie d  la y e re d  s i l ic a te  
a b o v e  th e  m e l t in g  p o in t  o f  th e  p o ly m e r .

2 .3 .6  P o ly m e r - C la y  N a n o c o m p o s i te s  a s  F il le rs  in  S m a r t  P a c k a g in g
N o w a d a y s ,  p o ly m e r  c o m p o s i te s  a re  u s e d  in  w id e  ra n g e  o f

a p p l ic a t io n s ,  s u c h  a s  t r a n s p o r ta t io n ,  c o n s tr u c t io n , e le c t ro n ic s ,  a n d  c o n s u m e r
p r o d u c ts .  ( M e n e g h e t t i  a n d  Q u tu b u d d in , 2 0 0 6 )

A c tu a l ly ,  a  c la y  is  a n  e f fe c t iv e  r e in f o r c e m e n t  b e c a u s e  o f  i ts  h ig h  s u r fa c e  
a r e a  a n d  la rg e  a s p e c t  r a t io  a r o u n d  5 0 -1 0 0 0  ( A le x a n d re  a n d  D u b o is ,  2 0 0 0 ) . C la y  
p la te le ts  c r e a te  a  to r tu o u s  p a th  (F ig u re  2 .7 ) , w h ic h  e n h a n c e s  a  b a r r ie r  p ro p e r ty  o f  
p a c k a g in g .  ( L a n , 2 0 0 7 ) . T h e  e f fe c t iv e n e s s  o f  c la y s  in  le s s e n in g  o x y g e n  a n d  w a te r  
p e r m e a b i l i t ie s  h a s  fo c u s e d  o n  th e  to r tu o u s  p a th , w h ic h  fo rc e s  th e  g a s  m o le c u le  
(p e r m e a n t)  to  in d i re c t ly  p a s s  th ro u g h  th e  f i lm . F u r th e rm o r e , th e  n a n o c o m p o s i te s  p la y  
a  c r u c ia l  ro le  in  m e c h a n ic a l  p ro p e r t ie s  im p ro v e m e n t  n a m e ly  in c r e a s e d  s t i f fn e s s  
w i th o u t  lo s s  o f  f le x ib i l i ty  a s  w e ll  a s  in c re a s e d  d im e n s io n a l  s ta b i l i ty .  A p a r t  f ro m  
m e c h a n ic a l  p r o p e r t ie s  e n h a n c e m e n t ,  th e  c h e m ic a l  a n d  th e rm a l  s ta b i l i ty  a r e  in c re a s e d  
b e c a u s e
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Figure 2.7 T o r tu o u s  p a th  o f  a  p e r m e a n t  in  a  c la y  n a n o c o m p o s i te ,  ( a d a p te d  f ro m  
A d a m e  a n d  B e a l l ;  S im o n , 2 0 0 8 ;  H e n r ie t te ,  2 0 0 9 )

T a s s a n a w a t  e t al. ( 2 0 0 7 )  c o n d u c te d  a  r e s e a rc h  o n  u s in g  p p /c la y  
n a n o c o m p o s i te s  a s  a  p H -s e n s i t iv e  in d ic a to r  fo r  b e v e ra g e  s m a r t  p a c k a g in g . T h e  
r e s u lt s  d e m o n s t r a te d  th e  o c c u r  o f  g re a te r  in te r la y e r  s p a c in g  o f  N a - B T N  a f te r  b e in g  
m o d if ie d  b y  c a t io n ic  s u r fa c ta n ts  th ro u g h  io n  e x c h a n g e  r e a c t io n .  F u r th e rm o r e ,  th e  
o r g a n o c la y  a d d e d  to  th e  n a n o c o m p o s i te s  a ls o  a c te d  a s  a  n a n o - r e in f o r c e m e n t  in  
p o ly m e r  m a tr ix .

R u a n g r i t  e t al. ( M .s .  T h e s is ,  2 0 0 8 )  c a r r ie d  o u t  a  r e s e a rc h  o n  
p o ly p r o p y le n e /o r g a n o c la y  n a n o c o m p o s i te  in te l l ig e n t  p a c k a g in g . T h e  r e s u l t s  p o in te d  
o u t th a t  th e  a d d i t io n  o f  1-5 w t .%  o f  o rg a n o c la y  in  th e  p p /o r g a n o c la y  n a n o c o m p o s i te  
f i lm s  h e lp  e n h a n c in g  th e rm a l s ta b il i ty , m e l t in g  a n d  c r y s ta l l iz a t io n  b e h a v io r . 
M o re o v e r ,  th e  m e c h a n ic a l  p r o p e r t ie s  o f  th e  f i lm s  s h o w e d  e n h a n c e d  m o d u lu s  b y  10 -  
2 0  %  o v e r  th a t  o f  v i rg in  p p  in  te n s i le  s tre n g th  a n d  e lo n g a t io n  a t  b re a k . H o w e v e r ,  th e  
in s e r t io n  o f  o r g a n o c la y  d id  n o t a f f e c t  th e  c ry s ta l s t r u c tu r e  o f  p p  m a tr ix .

S r i th a m m a r a j  et al. ( 2 0 1 2 )  c o n d u c te d  a  r e s e a rc h  o n  u s in g  3 p o ro u s  m a te r ia ls :  
p o ro u s  c la y  h e te ro s t r u c tu re s  ( P C H )  p re p a re d  b y  d i re c te d  a s s e m b ly  h y b r id iz in g  th e  
s u r f a c ta n t  a n d  th e  b e n to n i te ,  H P C H  p re p a re d  b y  b le n d in g  P C H  a n d  T E O S  , M P P C H  
p r e p a r e d  b y  m ix in g  P C H  a n d  m e rc a p to p ro p y l .  A f te r w a r d s ,  th e s e  th re e  m o d if ie d  
c la y s  w e r e  f u r th e r  b le n d e d  w i th  p p  a n d  th e n  b lo w n  to  p r o d u c e  p p /c la y  
n a n o c o m p o s i te  f i lm s  n a m e ly  P C H /P P , H P C H /P P  a n d  M P P C H /P P  c o m p a re d  to  ?.
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n e a t p p .  S in c e  th e y  w e re  th e  p o ro u s  m a te r ia ls  th a t  c o u ld  t r a p  s o m e  g a s e s , th e  
m a te r ia l  w a s  p o s s ib ly  u s e d  a s  an  e th y le n e  s c a v e n g e r  in  s m a r t  p a c k a g in g .

T h e  a d s o rp t io n  o f  e th y le n e  g a s  (F ig u re  2 .8 )  o f  th e s e  c la y s  w a s  in  th e  o rd e r :  
H P C H  >  M P P C H  >  P C H  >  B T N  b a s e d  o n  a  g ra te r  in  n o n - p o la r  p r o p e r ty  a s  a  re s u l t  
o f  lo w e r  e le c t ro n e g a t iv i ty  (C  <  ร  <  O )  b ro u g h t  a b o u t  a  b e t te r  e th y le n e  a d s o rp tio n . 
F u r th e rm o r e ,  it w a s  a ls o  c o n c lu d e d  th a t  F IP C H  h a d  a  m e th y l  g r o u p  o n  th e  s t r u c tu r e  
o f  p o re . H e n c e , th e  s im ila r i ty  o f  th e  fu n c t io n a l  g r o u p  b e tw e e n  p o re  a n d  th e  e th y le n e  
g a s  a t  th e  s u r fa c e  p la y  a  c ru c ia l  ro le  in  e th y le n e  a d s o rp t io n .

Figure 2 .8  E th y le n e  a d s o rp t io n  c a p a c ity  o f  b e n to n i te  (B T N ) ,  p o ro u s  c la y  
h e te ro s tr u c tu re s  (P C H )  a n d  h y b r id  o rg a n ic - in o rg a n ic  p o ro u s  s t r u c tu r e s  ( H P C H  a n d  
M P P C H ).

T h e  r e s u l t in g  e le c tr ic a l  c o n d u c t iv i ty  (F ig u re  2 .9 )  o f  th e  f i lm  o b v io u s ly  
s h o w e d  th a t  th e  la rg e s t  r e d u c t io n  o f  c o n d u c t iv i ty  w ith  lo n g e r  a t t a c h m e n t  t im e  to  th e  
e th y le n e  g a s  w a s  M P P C H /P P  f ilm . T h is  w a s  b e c a u s e  th e  f i lm  h a d  - S H  g ro u p  a c t in g  
a s  a n  e le c t ro n  a c c e p to r ,  w h e re a s  th e  e th y le n e  g a s  b e h a v e d  l ik e  a n  e le c t ro n  d o n o r  a t 
th e  p o re  a re a . T h e  p r e v io u s ly - m e n t io n e d  r e a s o n  c o n tr ib u te d  to  th e  e le c tr ic a l  
c o n d u c t iv i ty  r e d u c t io n . T h is  c o n c e p t  c o u ld  b e  a p p l ie d  fo r  th e  u s e  o f  th e s e  m a te r ia ls  
fo r  e th y le n e  g a s  s e n s o r .
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Figure 2.9 T h e  C o n d u c t iv i ty  o f  p o ly p r o p y le n e /c la y  n a n o c o m p o s i te  f i lm s  
a s  a  f u n c t io n  o f  t im e  a t ta c h e d  to  th e  e th y le n e  g as .

2.4 Overview of Polypropylene

2 .4 .1  G e n e ra l  D e s c r ip t io n  a n d  S y n th e s is
T y p ic a l ly ,  c h a r a c te r is t ic s  o f  p o ly p ro p y le n e  a re  s t i f f e r  a n d  h a rd e r  th a n  

P E , lo w e r  im p a c t  r e s is ta n c e  a t lo w  te m p e ra tu re s  in  p a r t ic u la r ,  h ig h  s e rv ic e  
te m p e r a tu r e s  (> 1 0 0 ° C )  th a t  c a n  b e  fu r th e r  in c re a s e d  w ith  s ta b i l i z a t io n ,  g o o d  e le c t r ic  
p r o p e r t ie s  ( in s u la t io n ) ,  d o e s  n o t h a v e  a  te n d e n c y  to  s t r e s s - c r a c k ;  lo w e r  c h e m ic a l  
r e s i s ta n c e  th a n  P E  a s  w e ll  a s  b e t te r  d im e n s io n a l  s ta b i l i ty  th a n  P E .

2 .4 .2  C h a r a c te r i s t ic  P ro p e r t ie s
S tr u c tu ra l ly ,  p o ly p ro p y le n e  (F ig u re  2 .1 0 )  is  a  v in y l p o ly m e r  a n d  is  

s im ila r  to  p o ly e th y le n e ,  P o ly p ro p y le n e  c a n  b e  s y n th e s iz e d  f ro m  th e  p ro p y le n e  
m o n o m e rs  b y  Z ie g le r - N a t ta  p o ly m e r iz a t io n  a n d  b y  m e ta l lo c e n e  c a ta ly s is  
p o ly m e r iz a t io n  ( F ig u re  2 .1 1 ) .
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Figure 2.10 C h e m ic a l  s t r u c tu r e  o f  p o ly p r o p y le n e  (PP).

Z ig g le r -N a t ta
P o ly m e r iz a t io n

o r  M e ta l lo c e n e  C a ta ly s is

P r o p y le n e

C H 3

P o ly p r o p y le n e

Figure 2.11 S y n th e s i s  o f  p o ly p ro p y le n e .

P o ly p ro p y le n e  (P P )  is  a  th e rm o p la s t ic  fo r  h o u s e h o ld  p r o d u c t  p a c k a g in g  u se d  
to d a y  (E n g in e e r in g  P la s t ic  T e c h n o lo g y  -  I ta lia n  T e c h n o lo g y  C o n s u l ta n ts ,  
h t tp : / /w w w .e p r - i ta l ia .c o m ). M o re o v e r ,  it is  a ls o  b e c o m in g  o n e  o f  v e r s a t i le  p o ly m e rs  
a t  th e  m o m e n t  b e c a u s e  th e re  is  w id e  ra n g e  o f  a p p l ic a t io n s .  It is  n o t  o n ly  a  p la s t ic ,  b u t 
a ls o  a  f ib e r  d u e  to  s e rv in g  d o u b le  d u ty . A s  a  p la s t ic ,  it is  u s e d  to  m a k e  th in g s  lik e  
d i s h w a s h e r - s a fe  fo o d  c o n ta in e r s  b e c a u s e  P P  c a n n o t  be  m e l te d  a t  te m p e r a tu r e  b e lo w  
1 6 0 ° c  (3 2 0 °F ). W h e n  c o m p a re d  to  p o ly e th y le n e  (P E ) , a  m o r e  c o m m o n  p la s t ic ,  P E  
w ill a n n e a l  a t  a b o u t  1 0 0 ° c ,  w h ic h  m e a n s  th a t  P E  d is h e s  w il l  w a rp  in  th e  d is h w a s h e r .  
A s  a  f ib e r ,  p o ly p r o p y le n e  is  u s e d  to  m a k e  in d o o r  o r  o u td o o r  c a r p e t in g ,  w h ic h  is  th e  
k in d  th a t  f in d  a r o u n d  s w im m in g  p o o ls  a n d  m in ia tu re  g o l f  c o u r s e s .  P P  w o rk s  w e ll fo r  
o u td o o r  c a rp e t b e c a u s e  P P  is  e a s i ly  c o lo u re d  a n d  d o e s  n o t  a d s o rb  w a te r  lik e  n y lo n . 
( P o ly m e r  S c ie n c e  L e a rn in g  C e n te r  a t  T h e  U n iv e rs i ty  o f  S o u th e r n  M is s is s ip p i ,  
h t tp : / /w w w .p s lc .w s /m a c r o g /p p .h tm )

http://www.epr-italia.com
http://www.pslc.ws/macrog/pp.htm
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2 .4 .3  P o ly p ro p y le n e  a s  a  P a c k a g in g  F i lm  (S p a rte c h ® , In n o v a t iv e  S o lu t io n s  
P ro v id e r ,  h t tp : / /w w w .s p a r te c h .c o m )

P o ly p ro p y le n e  is p r e s e n t ly  o n e  o f  th e  m o s t  p o p u la r  m a te r ia ls  
e m p lo y e d  in  th e  p a c k a g in g  in d u s try . T h e  c h a n g e  o f  its  p r o p e r t ie s  d e p e n d s  o n  th e  
m o le c u la r  s tru c tu re  c h o s e n  ( h o m o p o ly m e r , c o p o ly m e r ,  im p a c t  m o d if ie d ,  e tc .) . 
D u r in g  th e  p o ly m e r iz a t io n ,  c e r ta in  a d d i t iv e s  n e e d  u s in g  fo r  e n h a n c e m e n t  o n
p o ly p r o p y le n e  f i lm , s u c h  as a n t i - o x id a n ts  a n d  n u c le a t in g  a g e n ts  a s  w e ll as 
p e r f o r m a n c e  a d d it iv e s ) .  T h e  f o l lo w in g  lis t  p r o v id e s  s o m e  g e n e ra l  d i r e c t io n s  o n  
a d v a n ta g e s  o f  p p  in  te r m s  o f  a c t in g  a s  a  p a c k a g in g  f ilm .

2 .4.3 .1  A d v a n ta g e s  o f  P o lyp ro p y len e
(a )  C o s t  c o m p e t i t iv e  w h e n  c o n s id e r in g  m a te r ia l  p r o p e r t ie s  s u c h  a s  

c la r i ty ,  s t i f f n e s s ,  to u g h n e s s  a n d  im p a c t  s tr e n g th
(b )  G ra d e s  a v a i la b le  to  h a n d le  h o t f i l l ,  a n d  m ic r o w a v a b le

a p p l ic a t io n s
(c )  G ra d e s  a v a i la b le  th a t  c a n  p ro v id e  h ig h  h e a t  d e f le c t io n

p r o p e r t ie s  th a t  a re  r e q u i r e d  d u r in g  r e to r t  a p p l ic a t io n s
(d )  G r a d e s  a v a i la b le  to  h a n d le  f ro z e n  fo o d  to  m ic r o w a v e

a p p l ic a t io n s
(e )  E n v ir o n m e n ta l  S tre s s  C r a c k in g  R e s i s ta n c e  ( E S C R )  p ro p e r t ie s  

o f  c r y s ta l l in e  s tru c tu re  w e l l - r e s is in g  to  fa ts  a n d  o i ls  a s  w e ll  a s  e x c e l le n t  c h e m ic a l  
r e s is ta n c e

( t )  P ro v id in g  v e ry  g o o d  m o is tu r e  b a r r ie r  p r o p e r t ie s
(g )  L o w  ta s te  a n d  o d o r  c o n c e rn s .  F D A  ( F o o d  a n d  D ru g  

A d m in is t r a t io n )  g ra d e s  a v a i la b le
T a s s a n a w a t  e t  a l. ( M .s .  T h e s is ,  2 0 0 7 )  e m p lo y e d  p p /o r g a n o c la y  

n a n o c o m p o s i te s  a s  a  p H -s e n s i t iv e  in d ic a to r  fo r  m ilk  p a c k a g in g . T h e y  p r o c e s s e d  th e  
p p /o r g a n o c la y  n a n o c o m p o s i te s  c o m b in e d  w ith  in d ic a to r  d y e s , B ro m o th y m o l b lu e  
ty p e -  a n d  B ro m o m o c ry s a l  ty p e - f i lm s . T h e  r e s u l te d  s h o w e d  th a t  b o th  f i lm s  c o u ld  
r e s p o n s e  to  p H  c h a n g e s  o f  m ilk  d e te r io r a t io n . A c c o rd in g ly ,  p p  c o u ld  b e  b le n d e d  w ith  
o r g a n o c la y  a n d  th e n  d y e d  w i th  in d ic a to r s  in  o r d e r  to  p r o d u c e  th e  in te l l ig e n t  
p a c k a g in g  f ilm s .

http://www.spartech.com
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R u a n g r i t  et al. ( M .s .  T h e s is ,  2 0 0 8 )  c a r r ie d  o u t  a  r e s e a rc h  o n  
p o ly p r o p y le n e /o r g a n o c la y  n a n o c o m p o s i te  in te l l ig e n t  p a c k a g in g . T h e  r e s u l t  w a s  
c o n c lu d e d  th a t  p p  w a s  p la u s ib ly  u s e d  a s  f ilm  p a c k a g in g  a n d  d e m o n s tr a te d  th a t  
p p /o r g a n o c la y  n a n o c o m p o s i te  c o a te d  w ith  C u 2+ s e n s o r  w a s  f e a s ib ly  u s e d  a s  a n  
e le c t r i c a l - in te l l ig e n t  p a c k a g in g  fo r  d e te rm in a t io n  o f  m e a t  f r e s h n e s s  b y  th e  n a k e d  
e y e s  a t  th e  o u ts e t  o f  m e a t  s p o ila g e  s o - c a l le d  “ r e a l - t im e  m o n i to r in g ” . T h e re fo re ,  th e  
p p /o r g a n o c la y  in te l l ig e n t  p a c k a g in g  f i lm  w a s  f in a l ly  o b ta in e d .

2.5 Roles of Silver Nanoparticles in Food Packaging

2 .5 .1  G e n e ra l  A s p e c t  o f  S i lv e r  N a n o p a r t ic le s  in  F o o d  P a c k a g in g
S ilv e r  n a n o p a r t ic le s  a re  b e in g  im m o b i l i z e d  in  f o o d  p a c k a g in g  

p o ly m e rs  in te n d e d  fo r  fo o d  p a c k a g in g  a p p lic a t io n s .  P o ly m e rs  a c t  a s  c a r r ie r s  o f  s i lv e r  
n a n o p a r t ic le s .  G e n e ra l ly ,  s i lv e r -b a s e d  a n t im ic r o b ia l  a d d i t iv e s  c o n s is t  o f  m e ta l l ic  
s i lv e r  in te g ra te d  in to  th e r m o p la s t ic  p o ly m e rs  s u c h  a s  p o ly e th y le n e , p o ly p ro p y le n e , 
p o ly s ty re n e , b u ta d ie n e  s ty re n e , o r  n y lo n , e tc .

A c c o rd in g  to  L lo re n s , A . et al. ( 2 0 1 2 ) ,  c u r r e n t ly  s i lv e r  b a s e d  n a n o -  
e n g in e e re d  m a te r ia ls  a r e  th e  m o s t  e x te n s iv e ly  u s e d  in  c o m m o d it i e s  d u e  to  th e ir  
a n t im ic r o b ia l  c a p a c ity . A p a r t  f ro m  th e  a n t im ic r o b ia l  a c tiv ity , th e y  p ro v id e  th e  
e n h a n c e m e n t  o n  m e c h a n ic a l  a n d  b a r r ie r  p r o p e r t ie s  a s  w e ll a s  th e  p r e v e n t io n  o f  
p h o to d e g ra d a t io n  o f  th e  m a te r ia ls .  T h e  c a t io n  m ig r a t io n  f ro m  th e  p a c k a g in g s  is  th e  
im p o r ta n t  p o in t  to  c o n s id e r  th e i r  a n t im ic r o b ia l  e f f e c t iv e n e s s .

T h e  b io a c t iv i ty  o f  n a n o - s iz e d  s i lv e r  p a r t i c le s  ( A g N P s )  h a s  b e e n  m o re  
in c re a s in g  a n d  th e  p a r t i c le s  h a v in g  a  d ia m e te r  b e lo w  1 0 0  n m  e x h ib i t  o p tic a l  a n d  
c h e m ic a l  p r o p e r t ie s  th a t  v a ry  w ith  p a r t i c le  s iz e , s h a p e , s u r fa c e  fu n c t io n a l iz a t io n ,  a n d  
b o u n d a ry  c o n d i t io n s  (L lo re n  e t a l . , 2 0 1 2 ) . S e v e ra l a n t im ic r o b ia ls  a r e  a d d e d  a t  0 .1 -5  
% w /w  o f  th e  p a c k a g in g , e s p e c ia l ly  f i lm s . A n t im ic ro b ia l  a g e n ts  m a y  b e  a d d e d  b y  
s o lv e n t- c o m p o u n d in g  te c h n iq u e . P ro c e s s in g  o f  th e rm a l  p o ly m e rs  m a y  b e  u s e d  w ith  
th e rm a l ly - s ta b le  a n t im ic r o b ia l  a g e n ts . F o r  e x a m p le , s i lv e r  z e o l i te s  c a n  b e  a d d e d  a s  a 
th in  c o - e x t ru d e d  la y e r  w i th  o th e r  p o ly m e r s  a t e le v a te d  te m p e ra tu re  (u p  to  8 0 0 ° C )  
b e c a u s e  s i lv e r  z e o l i te s  c a n  to le r a te  so  h ig h  te m p e ra tu re  ( A p p e n d in i  a n d  H o tc h k is s , 
2 0 0 2 ).
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2 .5 .2  T y p e s  o f  A n t im ic ro b ia l  P a c k a g in g  ( A p p e n d in i  a n d  H o tc h k is s ,  2 0 0 2 )  
A n t im ic ro b ia l  p a c k a g in g  c a n  ta k e  s e v e r a l  fo rm s  in c lu d in g :

- A d d i t io n  o f  s a c h e ts /p a d s  c o n ta in in g  v o la t i le  a n t im ic r o b ia l  
a g e n ts  in to  p a c k a g e s

- I n c o rp o ra t io n  o f  v o la t i le  a n d  n o n - v o la t i le  a n t im ic r o b ia l  a g e n ts  
d i re c t ly  in to  p o ly m e r s

- C o a t in g  o r  a b s o rb in g  a n t im ic r o b ia ls  o n to  p o ly m e r  s u r fa c e s
- I m m o b il iz a t io n  o f  a n t im ic r o b ia ls  to  p o ly m e r s  b y  io n  o r

c o v a le n t  l in k a g e s
- U se  o f  p o ly m e r s  th a t  a r e  in h e r e n t ly  a n t im ic r o b ia l

G o ru p  e t al. (2 0 1 1 )  r e p o r te d  a  n e w  m e th o d  o n  s y n th e s is  o f  s i lv e r  
n a n o p a r t ic le s  b y  th e  r e d u c t io n  o f  s i lv e r  n i tr a te .  R e d u c in g  a g e n t  w a s  s o d iu m  c i t ra te  
a n d  s ta b i l i z e r  w a s  a m m o n ia  s o lu t io n . T h e  re s u l t  s h o w e d  th a t  1.6 n m  o f  th e  s i lv e r  
n a n o p a r t ic le s  c o u ld  b e  o b ta in e d  a n d  w a s  s ta b le  a p p ro x im a te ly  18 m o n th s .  T h e re fo re ,  
th e i r  m e th o d  c a n  b e  a d a p te d  fo r  th is  th e s is .

S h a m e li  e t al. (2 0 1 0 )  s y n th e s iz e d  th e  s i lv e r  n a n o p a r t ic le s  in to  th e  in te r la y e r  
o f  m o n tm o r i l lo n i te  b y  u s in g  s o d iu m  b o ro h y d r id e  ( N a B H 4) a s  a  r e d u c in g  a g e n t  a n d  
c h i to s a n  a s  a  p o ly m e r  s ta b i l iz e r .  T h e y  n o tic e d  th a t  th e  in te r la m e l la r  s p a c e  o f  
m o n tm o r i l lo n i te  w a s  in c re a s e d  d u e  to  th e  a s - s y n th e s iz e d  s i lv e r  n a n o p a r t ic le s  
o b s e rv e d  b y  d - s p a c in g  v a lu e  f ro m  a n  X R D . M o re o v e r ,  th e  s i lv e r  n a n o p a r t ic le -  
m o n tm o r i l lo n i te  e x h ib i te d  th e  a n t im ic r o b ia l  a c t iv i ty  a g a in s t  G r a m -n e g a t iv e  b a c te r ia :  
E. co ll  0 1 5 7 :1 4 7  a n d  P se u d o m o n a s  a e ru g in o sa , a n d  G r a m -p o s i t iv e  b a c te r ia :  
S ta p h y lo c o c c u s  a u reu s  a n d  m e th ic i l l in - r e s is ta n t  ร. a u reu s.

2.6 Surface modification of particulates with a silane-coupling agent

In o rg a n ic  o x id e  p a r t ic le s  ( i.e . SiÛ2, AI2O3, e tc . )  a r e  u t i l iz e d  a s  f d le r s  in  
c o m p o s ite  m a te r ia ls  so  a s  to  e n h a n c e  b e t te r  m e c h a n ic a l ,  e le c t r i c  a n d  m a g n e t ic  a s  w e ll 
a s  th e rm a l p r o p e r t ie s .  N e v e r th e le s s ,  th e s e  p a r t ic le s  h a v e  to  b e  s u r f a c e - m o d if ie d  to  
in c re a s e  th e  a d h e s io n  a n d  c o m p a t ib i l i ty  b e tw e e n  th e m  a n d  p o ly m e r  m a tr ic e s .  F o r
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e x a m p le ,  to  o b ta in  o r g a n ic - in o rg a n ic  h y b r id  m a c ro m o n o m e r s ,  th e  s u r fa c e  o f  p a r t ic le s  
(e .g . b e n to n i te )  h a s  to  be  m o d if ie d  b y  s i la n a t io n ,  th e  m o s t  e x te n s iv e ly -e m p lo y e d  
a p p ro a c h  fo r  s u r fa c e  m o d if ic a t io n , in tr o d u c in g  3 - ( t r im e th o x y s i ly l )p ro p y l-  
m e th a c ry la te  (y - M P S )  o n to  th e  s u r fa c e . A f te r  f in is h in g  t r e a t in g  m a te r ia ls ,  r e a c t iv e  
g r o u p s  im m o b i l i z e d  o n  th e  s u r fa c e  s e rv e  a s  fre e  r a d ic a l in i t i a to r s  fo r  d i r e c t  in i t ia t in g  
th e  p o ly m e r iz a t io n  o f  v in y l m o n o m e rs  a t  th e  s u r fa c e  (L in  e t a l . , 2 0 0 1 ) .

S ila n e  c o u p l in g  a g e n ts  a re  w id e ly  e m p lo y e d  m a te r ia ls  fo r  im p ro v in g  th e  
m e c h a n ic a l  p r o p e r t ie s  o f  c o m p o s i te  m a te r ia ls  a n d  e n h a n c in g  th e  s ta b i l i ty  o f  p a r t ic le s  
d i s p e r s io n  in  a  p o ly m e r . O n e  o f  th e  m o s t  im p o r ta n t  f a c to r s  is  p H  in  th e  h y d ro ly s is  
a n d  c o n d e n s a t io n  r e a c t io n  o f  s i la n e  c o u p l in g  a g e n ts  in  a q u e o u s  m e d ia  b e c a u s e  
d i f f e r e n t  a g e n ts  r e q u i r e  v a r io u s  p r o c e s s e s  to  f a c i l i ta te  th e  e f f e c t iv e  m e c h a n is m  o f  th e  
a g e n ts  o n  th e  s u r fa c e . F o r  in s ta n c e , in  c a s e  3 - g ly c id o x y p ro p y lm e th o x y s i la n e  (G P S )  
n e e d s  c a ta ly z in g  b y  b o th  th e  m in im u m  h y d ro ly s is  ra te  a t  p H  7 a n d  th e  m in im u m  
c o n d e n s a t io n  ra te  a t  p H  4 .5  ( I i j im a  et a l . , 2 0 0 7 ) .

A n o th e r  im p o r ta n t  f a c to r  is  c o n tr o l l in g  th e  d is p e r s io n  a n d  th e  in te r a c t io n  o f  
p a r t i c le s  in th e  s o lv e n ts .  T h e  c o n tro l  c a n  h e lp  p r e v e n t in g  th e  a g g lo m e r a t io n  in  th e  
s u r f a c e  m o d if ic a t io n  a n d  th e  h o m o g e n e o u s  p o ly m e r  c o m p o s i te s  c a n  b e  a t ta in e d  as 
w e ll ( I i j im a  et a l . , 2 0 0 7 ) .

B e s id e s , K im  a n d  W h ite  (2 0 0 2 )  p e r f o rm e d  a  r e s e a rc h  o n  th e  e f fe c t  o f  
d i f f e r e n t  a l ip h a tic  c h a in  le n g th  s i la n e  c o u p l in g  a g e n ts  o n  s i l ic a  s u r fa c e  m o d if ic a t io n  
( F ig u re  2 .1 2 ) . T h e  r e s u lts  w e re  c o n c lu d e d  th a t  s i la n e - t r e a te d  s i l ic a  c o m p o u n d s  
s h o w e d  s m a l le r  a g g re g a te s  th a n  u n tr e a te d  s i l ic a  c o m p o u n d s .  M o re o v e r ,  th e  a g g re g a te  
s iz e s  o f  s h o r t  c h a in  s i la n e  c o u p l in g  a g e n t- t r e a te d  c o m p o u n d s  s h o w e d  m e a n in g fu l  
r e d u c t io n  o f  a g g re g a te  s iz e s  c o m p a re d  to  lo n g  c h a in  s i la n e  c o u p l in g  a g e n ts .  F in a lly , 
th e  a m o u n t  o f  u l t im a te  p a r t ic le s  in  o n e  a g g re g a te s  w e r e  d e c r e a s e d  b y  a d d i t io n  o f  
s i la n e s .
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Figure 2.12 C o u p l in g  M e c h a n is m  b e tw e e n  S i l ic a  S u r fa c e  a n d  S ila n e . (K im  a n d  
W h ite ,  2 0 0 2 )

M a r q u e z  et al. (2 0 0 5 )  c a r r ie d  o u t a r e s e a rc h  o n  s u r f a c e  m o d if ic a t io n  o f  
h y d r o p h i l ic  p a r t i c u la te s  w i th  p o ly m e r s  v ia  d i f f e r e n t  m e th o d s ;  ( 1) in  s i tu  g ra f t  
p o ly m e r iz a t io n  o f  v in y l  m o n o m e rs  o n to  a n  o r g a n o s i la n e  s u b la y e r  c h e m ic a l ly  b o n d e d  
to  th e  s a n d  s u r fa c e ;  (2 )  a d m ic e l la r  p o ly m e r iz a t io n ;  (3 )  g r a f t in g  o f  p re f o rm e d  
p o ly m e r s  o n to  a n  o r g a n o s i la n e  s u b la y e r  a s  w e ll  a s  c h e m ic a l ly  b o n d e d  to  th e  s a n d  
s u r fa c e . R e g a rd in g  to  m y  s tu d y  f o c u s in g  o n  s u r f a c e  m o d if ic a t io n  th ro u g h  s i la n a t io n  
w ith  y - M P S  (F ig . 2 .1 3 )  b e fo re  g ra f t  p o ly m e r iz a t io n  o f  v in y l p o ly m e r s ,  s a n d  p a r t ic le s  
w e re  f i r s t ly  w a s h e d  b e f o r e  s i la n a t io n . A f te r  c o m p le t in g  th e  s i l a n a t io n  p r o c e s s  w ith  y - 
m e th a c r y lo x y p ro p y l t r im e th o x y s i la n e  ( M P S )  a s  f o l lo w in g  (F ig . 2 .1 4 ) ,  a  s i la n e  o f  th e  
p a r t i c le s  w e re  g ra f te d  w ith  v in y l m o n o m e rs  v ia  d i f f e r e n t  a p p r o a c h e s  (F ig . 2 .1 5 ) . T h e  
v in y l p o ly m e r s  u s e d  in  th e ir  g ra f t  p o ly m e r iz a t io n  w e r e  a c r y la m id e ,  a c ry lic  a c id  a n d  
v in y l a c e ta te ,  p o ly m e r  is o la t io n , a n d  p r e f o rm e d  w a te r - s o lu b le  p o ly m e r s .
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Figure 2.13 T h e  c h e m ic a l  s tru c tu re  o f  y -M P S .

I. Hydrolysis at pH » 4
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Figure 2.14 S c h e m a tic  i l lu s t r a t io n  o f  s u r fa c e  m o d if ic a t io n  v ia  th e  s i la n a t io n  w ith  
y -M P S . ( M a rq u e z  e t a l., 2 0 0 5 )

IV. G r a f t  P o l y m e r i z a t i o n  o f  V in y l M o n o m e r s
CM-,

C H ,= C ~ C O  R  R

?  p  ?
S u r f a c e

H .1 c  ๐
Ri

CH -CH- 
R

- (C H ,-C H )n-C H 2-C -C -C -  R
P  r> rHO รุเ-๐ qSrO-^H ๐
P  _ p „  ...p

S u r f a c e

Figure 2.15 Schematic representation of graft polymerization of vinyl monomers
onto a silane layer. (Marquez et al., 2005)
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T h e  s a n d  s u r fa c e  a f te r  t r e a tm e n t  w a s  c h a r a c te r iz e d  b y  R a m a n  S p e c tro s c o p y  
a n d  th e  a m o u n t  o f  m a te r ia l  c o v e r in g  th e  s u r fa c e  w a s  d e te r m in e d  b y  g ra v im e tr ic  
a n a ly s is  a s  w e ll  a s  c o n ta c t  a n g le  m e a s u r e m e n t  o f  th e  s a m p le s .  T h e  r e s u l t s  c le a r ly  
s h o w e d  th a t  th e r e  a re  c h a r a c te r is t ic  p e a k s  o f  o r g a n o s i la n e  ( M P S )  c o n s is te n t  w ith  th e  
m e c h a n is m  o f  a d h e s io n  v ia  s i la n e - c o u p l in g  a g e n ts  s h o w n  in  f ig u re  13. In  o rd e r  to  
f in d  th e  o p t im u m  c o n d i t io n  fo r  g ra f t  p o ly m e r iz a t io n  o f  m o n o m e r s  o n to  th e  s u r fa c e , 
p o ly m e r iz a t io n  c o n d i t io n s  w e r e  d e te rm in e d  b y  m e a n s  o f  g r a v im e tr ic  a n a ly s is . T h e  
r e s u l t s  p o in t  o u t  th a t  th e  in  s i tu  g ra f t  p o ly m e r iz a t io n  o f  v in y l  m o n o m e r s  r e n d e re d  th e  
lo w  g r a f t in g  d e n s i t ie s .  In  m y  r e s e a rc h , d ie le c t r ic  b a r r ie r  d i s c h a r g e  ( D B D )  p la s m a  
te c h n iq u e  is  c h o s e n  in  o r d e r  to  in c re a s e  g r a f t in g  d e n s i t i e s  b y  in d u c in g  f re e  ra d ic a ls  
o n to  th e  s i la n e  la y e rs  o f  p a r t ic u la te s  ( s i la n e -m o d if ie d  s o d iu m  b e n to n i te )  fo r  fu r th e r  
g ra f t  p o ly m e r iz a t io n  o f  v in y l p o ly m e r  ( p o ly p ro p y le n e )  so  th a t  th e  
p p /n a n o c o m p o s i te s  w ill b e  o b ta in e d  in  fo rm  o f  e x f o l ia te d  c la y  c o n f i r m e d  b y  X R D .

2.7 Potential Use of Plasma Technology

P la s m a  is  th e  fo u r th  s ta te  o f  m a tte r . It is  a  g a s e o u s  m ix tu r e  o f  f re e  e le c tro n s  
a n d  io n s  th a t  h a v e  a  h ig h  m e a n  k in e t ic  e n e rg y , so  th e  c h a r g e  c a r r ie r s  a f fe a t  e a c h  
o th e r  b e c a u s e  o f  th e ir  in h e re n t  c h a rg e s  a n d  e n e rg ie s ,  a s  w e l l  a s  a re  a ls o  in f lu e n c e d  b y  
e x te rn a l  f ie ld s  (P a n ic k e r ,  M .s .  T h e s is  2 0 0 3 )

P re s e n tly ,  in  s e v e ra l in d u s tr ie s  p la s m a  is  u t i l iz e d  in  a  v a r ie ty  o f  s e rv ic e s ,  s u c h  
a s  m e d ic a l  p r o d u c ts  a n d  s e m ic o n d u c to rs ,  in  l ig h tin g  a n d  la s e r s ,  w e ld in g  te c h n o lo g y , 
e tc . T h e  p o te n t ia l  a p p l ic a t io n  fo r  th e  g e n e ra t io n  o f  p la s m a  in  th is  s tu d y  is th e  
m a n u f a c tu r in g  o f  p o ly m e r -c la y  n a n o c o m p o s i te s  fo r a  s m a r t  p a c k a g in g .
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Figure 2.16 Schematic representation of plasma generator. (Galchev et a l. , 2007)

Such a plasma discharge (Figure 2.16) renders mechanically non-destructive, 

chemically-mild and friendly ways o f altering free radical generation. Moreover, the 

plasma process succeeds in effectively-accomplish modification o f the topmost 

region without having an effect on the desirable bulk properties o f a polymer. 

(Tasanatanachai e t a l., M.s. Thesis, 2008)

Tasanatachai and Magaraphan (2008) performed a research on using air 

plasma operated at atmospheric pressure and 23 kV voltage fixed were applied for 

treating clay before grafting with styrene monomer by varying two parameters, treat

time and aging time, which affected plasma system. The result (Figure 2.17) 

demonstrated that 2 min treatment-time and 10 sec aging-time were the optimum 

condition for the plasma process, which rendered the maximum o f generated radical 

concentration around 1.8 X  10 '7 mol/g of clay. Besides, the result showed that after 

grafting with polystyrene (PS), the nanocomposites were greater impact strength than 

pure polystyrene (PS) seeing that the plasma could be used to improve interfacial 

adhesion between clay and polymer matrix.
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Figure 2.17 E ffe c t  o f  a g in g  t im e  o n  to ta l  r a d ic a l c o n c e n t r a t io n  g e n e ra te d  o n  s u r fa c e  
o f  c la y  w i th  v a r io u s  p la s m a - tr e a tm e n t  t im e  u s in g  2 3  k V  a p p l ie d  v o lta g e .

C o n c e r n in g  a  g a s  u s e d  in  th e  p la s m a  p ro c e s s , th e re  a r e  v a r io u s  c a te g o r iz e s  o f  
c a r r ie r  g a s e s .  T h e  g a s e o u s  p la s m a  c a n  m o d if ie d  th e  s u r fa c e  w i th  th e  in d u c t io n  o f  
b o th  n i t r o g e n  a n d  m a in ly  o x y g e n  b a s e d  fu n c t io n a l g ro u p s  ( T a s a n a th a n a c h a i  e t a l ,  
M .s .  T h e s i s ,  2 0 0 8 ) . In  th e  th e s is ,  th e  p la s m a  t r e a tm e n t  o f  s o d iu m  b e n to n i te  is 
o p e ra te d  a t  a tm o s p h e r ic  p re s s u re  u n d e r  a ir  b y  v a r y in g  tw o  p a r a m e te r s  a f f e c t in g  th e  
p la s m a  s y s te m , p l a s m a - tr e a tm e n t  t im e  a n d  a g in g  o r  s to ra g e  t im e  in  o r d e r  to  
in v e s t ig a te  th e  o p t im u m  c o n d i t io n  fo r  p la s m a  tre a tm e n t .

2.8 Overv iew of Ethylene-Vinyl Acetate Copolymer (EVA) (H e n k e l ,  2 0 1 1 )

2 .8 .1  G e n e ra l  D e s c r ip t io n
E th y le n e -V in y l  A c e ta te  C o p o ly m e r  ( F ig u re  2 .1 8 )  is  th e  c o p o ly m e r  o f  

e th y le n e  a n d  v in y l a c e ta te  ( h t tp : / /w w w .f o o d n e tw o r k s o lu t io n .c o m ), w h ic h  is  fo rm e d  
v ia  c o n t in u o u s  b u lk  p o ly m e r iz a t io n  o r  s o lu t io n  p o ly m e r iz a t io n .  T h e  s o lu t io n  
p o ly m e r iz a t io n  is  p r e d o m in a n t ly  u s e d  b e c a u s e  th e  b u lk  p o ly m e r iz a t io n  g e n e ra te s  
p o ly m e r  w h ic h  is  to o  lo w  m o le c u la r  w e ig h t  to  b e  u s e fu l  in  th e  r u b b e r  in d u s try . 
O rd in a ry  g r a d e s  h a v e  v in y l a c e ta te  c o n te n ts  r a n g in g  f ro m  2 %  to  5 0 %  b u t  th e  
c r y s ta l l in i ty  d e c r e a s e s  f ro m  6 0 %  to  1 0 % , re s p e c tiv e ly . It is c o n c lu d e d  th a t  th e  m o re
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v in y l a c e ta te  c o n te n t ,  th e  le s s  a m o u n t o f  th e  c ry s ta l l in i ty  o f  th e  p o ly m e r . T h e  E V A  
c a n  b e  n o t  o n ly  a  th e rm o p la s t ic  e la s to m e r , w h ic h  is a b le  to  b e  p r o c e s s e d  b y  c o m m o n  
m e th o d s  s u c h  a s  e x t ru s io n ,  in je c t io n  m o ld in g , b lo w  m o ld in g , c a le n d a r in g , a n d  
r o ta t io n a l  m o ld in g ,  b u t  a  th e rm o s e t  r u b b e r  r e s u lt in g  f ro m  s u b s e q u e n t  c r o s s - l in k in g  
w i th  a  p e r o x id e  c u re  s y s te m  a s  w e ll.

C H 3

0 = c

o
h 2 h 2 h 2
c  c

Î
บ v^n

m

Figure 2.18 T h e  c h e m ic a l  s tru c tu re  o f  e th y le n e  v in y l a c e ta te  (E V A ) .

2 .8 .2  G e n e ra l  P ro p e r t ie s
E V A  is  a n  e x t re m e ly  e la s t ic  m a te r ia l  th a t  is  a b le  to  fo rm  a  p o ro u s  

m a te r ia l  s im i l a r  to  r u b b e r  b u t  w i th  e x c e l le n t  to u g h n e s s . It is  th re e  t im e s  a s  f le x ib le  a s  
lo w - d e n s i ty  p o ly e th y le n e  ( L D P E ) , w h ic h  e x h ib i ts  te n s i le  e lo n g a t io n  o f  7 5 0 %  w i th  a  
p e a k  m e l t in g  te m p e ra tu re  o f  2 5 0 ° F  (9 6 ° C ) . T h e  m a te r ia l  h a s  g o o d  b a r r ie r  p r o p e r t ie s ,  
lo w - te m p e r a tu re  to u g h n e s s ,  s t r e s s -c ra c k  re s is ta n c e , h o t- m e l t  a d h e s iv e ,  w a te r p r o o f  
p r o p e r t ie s ,  a n d  re s is ta n c e  to  u l t r a v io le t  r a d ia t io n . In d e e d , E V A  h a s  l i t t le  o r  n o  o d o r  
a n d  is  c o m p e t i t iv e  w ith  r u b b e r  a n d  v in y l p ro d u c ts  in m a n y  e le c t r ic a l  a p p l ic a t io n s .  In  
s u m , th e  k e y  b e n e f i ts  o f  its  p ro p e r t ie s  a r e  s o f t  a n d  e x t r e m e ly  e la s t ic  s t i l l  to u g h , g o o d  
c la r i ty  a n d  g lo s s  w ith  l i t t le  o r  n o  o d o r  a s  w e ll  a s  c o m p e t i t iv e  w ith  r u b b e r  a n d  v in y l in  
m a n y  e le c t r ic a l  a p p l ic a t io n s  ( h t tp : / /w w w .p o re x .c o m ).

In fa c t, th e  p r o p e r t ie s  o f  E V A  c o p o ly m e r  p r im a r i ly  d e p e n d  o n  th e  a m o u n t  o f  
v in y l a c e ta te  in  th e  c o p o ly m e r . A t lo w  c o n te n t  o f  v in y l a c e ta te ,  th e  c o p o ly m e r  is  a  
th e rm o p la s t ic  s im i la r  to  p r o p e r t ie s  o f  lo w  d e n s i ty  p o ly e th y le n e  ( L D P E ) . W h ile  v in y l 
a c e ta te  c o n te n t  is in c re a s e d , th e  c o p o ly m e r  ta k e s  o n  th e  p e r f o rm a n c e  c h a r a c te r is t ic s  
o f  a  th e r m o p la s t ic  e la s to m e r  u n til  th e  c r y s ta l l in i ty  d ro p s  so  lo w  th a t  th e  c o p o ly m e r  
fo rm s  a s o f t  r u b b e ry  m a te r ia l  w ith  m in im a l  p h y s ic a l s tr e n g th . T h e  c o p o ly m e r  
c o n ta in in g  h ig h  v in y l a c e ta te  c o n te n t  is p r im a r i ly  u se d  a s  a  c o m p o n e n t  in  a d h e s iv e s
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a n d  c o a t in g s  b u t  c a n  b e  v u lc a n iz e d  to  o b ta in  u s e fu l p h y s ic a l  p r o p e r t ie s .  A s  th e  
s o lu b i l i ty  in  o r g a n ic  s o lv e n ts  a n d  c la r ity  in c re a s e s  w ith  in c re a s in g  le v e ls  o f  v in y l 
a c e ta te .  T h e  lo w e r e d  c r y s ta l l in i ty  c a u s e d  b y  th e  a d d i t io n  o f  th e  v in y l a c e ta te  le a d s  to  
g o o d  d u ra b i l i ty  a t  lo w e r  te m p e ra tu re s  a n d  e n v i r o n m e n t  s t r e s s  c r a c k in g  re s is ta n c e . 
T h e  e n h a n c e d  f le x ib i l i ty  is  a c c o m p a n ie d  b y  lo w e r  s o f te n in g  p o in t  te m p e ra tu re s  as th e  
le v e l o f  v in y l a c e ta te  in c re a s e s ,  w h ic h  l im its  th e  u p p e r  s e rv ic e  te m p e ra tu re s  o f  th e s e  
m a te r ia ls .  E V A  h a s  g o o d  r e s is ta n c e  to  s a l t  w a te r  a n d  b a s e s .  H o w e v e r ,  it is  n o t 
m is c ib le  w ith  s t r o n g  o x id iz e r s .  G ra d e s  o f f e r in g  g o o d  r e s i s ta n c e  to  h y d ro c a rb o n  
g r e a s e s  a re  a v a i la b le ,  y e t g e n e ra l  s p e a k in g , c o p o ly m e rs  a re  r e a d i ly  s o lu b le  in  a  w id e  
r a n g e  o f  a l ip h a t ic ,  a r o m a tic  a n d  c h lo r in a te d  s o lv e n ts .  F u r th e rm o r e ,  g ra d e s  o f fe r in g  
g o o d  r e s is ta n c e  to  u v  d e g ra d a t io n  a n d  o z o n e  a re  a v a i la b le  a s  w e l l  (T a b le  2.5).

Table 2 .5  T y p ic a l  a p p l ic a t io n s  o f  E V A .

Applications Illustrations
A p p l ia n c e s F re e z e r  d o o r  g a s k e ts ,  C o n v o lu te d  tu b e  

fo r  v a c u u m  c le a n e r s
E le c t r ic a l F o a m s  fo r  s ta t ic  s e n s i t iv e  d e v ic e s
I n d u s tr ia l H o s e s ,  T u b e s
P a c k a g in g S h r in k  w ra p  f i lm
M e d ic a l D is p o s a b le  g lo v e s ,  A n a e s th e s ia  fa c e  

m a s k s  a n d  h o s e s
M is c e l la n e o u s A d h e s iv e s ,  C o a t in g ,  S e a la n ts ,  S o la r  c e ll 

e n c a p s u la n ts ,  B a b y  b o t t le  n ip p le s
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2 .8 .3  A d v a n ta g e s  o f  E V A  C o p o ly m e r
T h e  E V A  h a s  m a n y  a d v a n ta g e s  w h ic h  a re  f a s t - f ix tu r in g ,  h ig h  a d h e s io n  to  

p la s t ic s ,  w id e  v a r ie ty  o f  fo rm u la t io n s  a v a i la b le ,  a n d  lo w  v o lu m e t r ic  c o s t. 
A d d i t io n a l ly ,  th e  E V A  is  a  h o t  m e l t  a d d i t iv e ,  w h ic h  is o n e - p a r t  a n d  s o lv e n t- f re e  
th e rm o p la s t ic  a d h e s iv e s  th a t  a re  s o l id  a t  ro o m  te m p e ra tu re  a n d  a  lo w  to  m e d iu m  
v is c o s i ty  ( 7 5 0  -  1 0 ,0 0 0  c P )  a d h e s iv e  a t d i s p e n s e  te m p e ra tu re s  ( ty p ic a l ly  g r e a te r  th a n  
1 9 5 °C ). T h e  E V A  c a n  b e  r a p id ly  c o o le d  to  fo rm  a  s tro n g  b o n d  a f te r  d i s p e n s in g .  A t 
th e  c u r e d  o r  c o o le d  s ta te ,  th e  E V A  m e lt  c a n  b e  v a r ie d  in  p h y s ic a l  p r o p e r t ie s  f ro m  s o f t  
ru b b e ry  a n d  s o  ta c k y  to  h a rd  a n d  m o re  r ig id . In  a d d i t io n , th e  m e l t  a ls o  h a s  e x c e l le n t  
lo n g - te rm  d u ra b i l i ty  a n d  r e s is ta n c e  to  m o is tu r e ,  c h e m ic a ls ,  o i ls ,  a n d  te m p e ra tu re  
s h o c k s . E V A  h o t m e l ts  a re  th e  ‘‘o r ig in a l”  h o t m e l t  a n d  a re  c o n s id e r e d  a s  th e  lo w  c o s t 
a n d  lo w  p e r f o rm a n c e  h o t  m e lt .  T o  i l lu s t ra te ,  E V A  p ro v id e s  a  g o o d  a d h e s io n  to  s te e l 
a lu m in u m , ru b b e r , a n d  v a r io u s  p la s t ic s ,  ty p ic a l ly  in c lu d in g  b o x  a n d  c a r to n  s e a lin g . 
E V A  h o t  m e lts  a re  a ls o  c a p a b le  o f  b e in g  f o rm u la te d  to  c a r ry  a  F o o d  a n d  D ru g  
A d m in is t r a t io n  ( F D A )  a p p ro v a l  fo r  u s e  in  fo o d  p a c k a g in g . O u t  o f  a ll a v a i la b le  h o t 
m e lts , E V A  g e n e ra l ly  h a s  th e  p o o r e s t  h ig h - te m p e ra tu r e  r e s is ta n c e . E V A s  a v a i la b le  in 
th e  m a r k e t  a t  th e  m o m e n t  a re  E lv a x 'i;, E s c o r n e 0',  E vazote**, U l t r a th e n e "  f ro m  
D u P o n t™ , E x x o n  C h e m ic a l™ , B .p . C h e m ic a ls ™  a n d  Q u a n tu m  C h e m ic a ls ™ , 
r e s p e c tiv e ly .

2 .8 .4  E V A  c o lo r  m a s te r b a tc h e s  (h t tp : / /w w w .c h in a m a s te r b a tc h e s .c o m )
E V A  h a s  c o m p e te n c e  in  b e in g  c o lo re d  b y  v a r io u s  p ig m e n ts .  E V A  c o lo re d  

m a s te r b a tc h  (F ig u re  2 .1 9 )  is  th e  b e s t  a l te rn a t iv e  m a te r ia l  fo r  E V A  f o a m in g  p ro d u c ts ,  
su c h  a s  E V A  s l ip p e r ,  s h o e s  s o le s , t i re s ,  p a d s , E V A  to y s  a n d  s w im m in g  b o a rd , e tc .
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Figure 2.19 C o lo r e d  E V A  m a s te r b a tc h . (h t tp : / /w w w .c h in a m a s te r b a tc h e s .c o m )

N a n e r a k s a  a n d  M a g a ra p h a n  (2 0 1 1 )  p r o d u c e d  a n  in te l l ig e n t  f i lm  p re p a re d  b y  
th e  f ir s t  c o m b in a t io n  o f  4  w t .%  n a tu ra l  d y e  f ro m  m a n g o s te e n  p e r ic a r p  a n d  e th y le n e  
v in y l a c e ta te  (E V A )  b y  m e l t  b le n d in g  a n d  s e c o n d ly , c o m p re s s e d  it  in  fo rm  o f  f ilm . 
T h e  p e r f o r m a n c e  o f  p H - in d ic a to r  f i lm  c o u ld  b e  s e n s i t iv e  to  th e  c h a n g e  in  p H . T h e  
c o lo r  c h a n g e  b a s e d  o n  C IE L A B  s y s te m  w a s  c h a r a c te r iz e d . T h e  r e s u l t  s h o w e d  th a t  th e  
c o lo r  w a s  a b le  to  g r a d u a l ly  c h a n g e  in  r e s p o n s e  to  c h a n g e  in  p H  a s  a  r e s u l t  o f  
a n th o c y a n in  a n d  N H 3 g a s  d u r in g  th e  s p o ila g e  o f  c h i l le d - f r e s h  f ish  in  f i lm  p a c k a g in g .

2.9 Natural Dye from Sappan Wood)

In  r e s p o n s e  to  f o o d  s a fe ty  c o n c e rn , n a tu ra l  d y e s  a re  d e l ib e r a te ly  c h o s e n  as 
p H -s e n s o r in g  f i lm  in  o r d e r  to  m o n i to r  th e  f ish  s p o ila g e .

2 .9 .1  S a p p a n  H e a r tw o o d  ( R a t ta n a p a t ip a n  a n d  P a ta n a th a b u t r ,  2 0 0 9 )
S a p p a n  w o o d  o r  In d ia n  re d  (C a esa lp in ia  sa p p a n  L .)  is  a n  in d e c id u o u s  

tre e  w id e ly  p la n te d  in  T h a i la n d .  Its  h e a r tw o o d  h a s  b e e n  u s e d  a s  t r a d i t io n a l ly  o r ie n ta l  
m e d ic in e  in  o rd e r  to  t r e a t  in fe c t io u s  d is e a s e s  lo n g  t im e  a g o . M o re o v e r ,  th e  c o lo r  
e x t ra c ta n t  is  a b le  to  b e  u s e d  to  d y e  c o t to n  a n d  s ilk  fo r  a  r e d - s h a d e  y a rn . T h e  d y e  
m o le c u le  in  s a p p a n  h e a r tw o o d  is  a n  o x id iz e d  fo rm  o f  b ra z i l in  (F ig u re  2 .2 0 )  o r  so -  
c a lle d  b r a z i le in  (F ig u re  2 .2 1 ) . B ra z i le in  h a s  a  c h r o m o p h o r e  a b s o rb in g  l ig h t in  th e  
w a v p lp n a th  b e tw e e n  4 0 ก  — s o n  ท!ท; รก it s h o w s  th e  c o m p le m e n ta ry  c o lo r  to  e y e s  a s  a
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re d  s h a d e . F o r  a c id  c o n d i t io n , th e  a b s o rp t io n  w a v e le n g th  o f  th e  c h r o m o p h o re  is  in  th e  
ra n g e  b e tw e e n  4 8 0  -  4 9 0  n m  a n d  s h o w s  an  o r a n g e  s h a d e , w h i le  in  a lk a l in e  
a tm o s p h e re , th e  a b s o rp t io n  w a v e le n g th  r a n g e d  f ro m  5 0 0  -  5 6 0  n m  a n d  s h o w s  a  
p u rp le  s h a d e .

Figure 2.20 T h e  c h e m ic a l  s t r u c tu r e  o f  b ra z i l in .

Figure 2.21 T h e  c h e m ic a l  s t r u c tu r e  o f  b ra z i le in .

R a t ta n a p a t ip h a n ,  ร . ( 2 0 0 9 )  c a r r ie d  o u t a  r e s e a rc h  o n  n a tu ra l  d y e -a lu m in iu m -  
s i l ic a te  p o ly m e r  c o m p o s i te s  fo r  p H  in d ic a to r  b y  p r e p a r in g  th e  c o m p o s i te s  o f  a  c o lo r  
f ro m  s a p p a n  w o o d  (C a esa lp in ia  sa p p a n  L .)  e x t ra c ta n t ,  p o ly v in y l  a lc o h o l  (P V A )  a n d  
a lu m in iu m -s i l ic a te  v ia  s o l-g e l  te c h n iq u e  w ith  d i f f e r e n t  e m u ls i f i e r s  a s  a n io n ic  
s u r fa c ta n t  a n d  e th a n o l .  T h e  r e s u lt s  (F ig u re  2 .2 2 )  p o in te d  o u t  th a t  th e  p F I-s e n s o r in g  
c o m p o s i te s  f i lm s  w a s  c a p a b le  o f  s h o w in g  v is u a l c h a n g e s  in  c o lo r s  to  a c id  a n d
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alkaline atmospheres, so the color can be applied as acid-alkaline indicators in food
packaging.

Figure 2.22 T h e  v is u a l c h a n g e  o f  P V A -s a p p a n  d y e  f d m s  in  (a )  a c id ic ,  (b )  n e u tra l ,  
a n d  (c )  b a s ic  c o n d i t io n s .

A b o v e  a l l ,  th e  c o lo r  f ro m  s a p p a n  h e a r tw o o d  is l ik e ly  to  b e  u s e d  a s  p a r t  o f  
in te l l ig e n t  s e c t io n  o f  sm a rt p a c k a g in g  in  th e  r e se a rc h . T h e r e fo re ,  it is  e v id e n t  th a t  th e  
n a tu ra l  d y e  c o lo r s  c a n  b e  u s e d  a s  a  p H  s e n s o r  fo r  m o n i to r in g  s p o ila g e  o f  a g r ic u ltu ra l  
p r o d u c ts  in s te a d  o f  c o m m e r c ia l ly  s y n th e t ic  d y e s  th a t  p r o b a b ly  h a v e  a  d e t r im e n t 
im p a c t  o n  h u m a n  h e a lth .

2.10 Colorimetric Measurement based on CIELAB System
2 .1 0 .1  B a c k g ro u n d  o f  C IE L A B  s y s te m

T h e  C IE L A B  c o lo r  s y s te m  r e c o m m e n d e d  b y  C IE  ( C o m m is s io n  
In te r n a t io n a le  d e  E E lc la i ra g e )  is  u s u a lly  r e f e r r e d  to  th e  C IE L A B  s y s te m  (U n iv e r s i ty  
o f  J o h a n n e s b u r g ,  พ พ พ .น j .a c .z a )

T h e  C IE  L * a * b *  s y s te m  o f fe r s  th e  f o l lo w in g  im p o r ta n t  c o n c e p ts  
(w w w .d a ta c o lo r .c o m ):

a. It is  p e rc e p tu a l ly  u n ifo rm .
b . I t is  b a se d  o n  th e  u s e fu l a n d  a c c e p te d  th e o r y  o f  o p p o n e n t  c o lo rs .

http://www.datacolor.com
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T h e  C IE  L * a * b *  C o lo r  S c a le  is  a n  a p p ro x im a te ly  u n ifo rm  c o lo r  s c a le  
in  w h ic h  th e  d i f f e r e n c e s  b e tw e e n  p o in ts  p lo t te d  in  th e  c o lo r  s p a c e  c o r r e s p o n d in g  to  
v is u a l  d i f f e r e n c e s  b e tw e e n  c o lo r s  p lo t te d . T h e  C IE L A B  c o lo r  s p a c e  is o r g a n iz e d  in  a  
c u b e  fo rm . T h e  L *  a x i s  ru n s  f ro m  to p  to  b o tto m , so  th e  m a x im u m  L* is  1 0 0  w h ic h  
r e p r e s e n ts  a  p e r f e c t  r e f le c t in g  d i f f u s e r  ( w h i te )  a n d  th e  m in im u m  L *  is  0  w h ic h  
r e p r e s e n ts  b la c k . T h e  a*  a n d  b* a x e s  d o  n o t h a v e  s p e c if ic  n u m e r ic a l  l im its . P o s i t iv e  
a*  is  r e d  a n d  th e  n e g a t iv e  o n e  is  g re e n . P o s i t iv e  b*  is y e l lo w  a n d  th e  n e g a t iv e  o n e  i f  
b lu e . A  d ia g ra m  ( f ig u r e  2 4 )  r e p r e s e n t in g  th e  C IE L A B  c o lo r  s p a c e  is  s h o w n  as 
fo l lo w in g .

■ a + b

■b + C7

Figure 2.23 T h e  d ia g ra m  r e p r e s e n t in g  th e  C IE L A B  c o lo r  s p a c e . (S c h o o l  o f  
M e d ic in e , U n iv e r s i ty  o f  S o u th  C a lo r in a )

2 .1 0 .2  C o lo r im e tr ic  M e th o d  b a s e d  o n  C I E L A B  C o lo r  S y s te m
In th e  c o lo r  m e a s u r e m e n t  f ie ld , it is n e c e s s a r y  to  n o t  o n ly  a s s e s s  th e  

d a ta  o b ta in e d  f ro m  th e  C IE L A B  s y s te m , b u t a ls o  c o m p a re  th e  c o lo r  o f  o b je c ts  to  o n e  
a n o th e r .  T h e  c o lo r im e tr ic  c a lc u la t io n  fo rm u la  o f  C IE  (L * , a * , b * )  w a s  s e t u p  in  1976 . 
T h e  c o lo r im e tr ic  v a lu e  is  e x p re s s e d  a s  A E  ( to ta l  c o lo r  d i f f e r e n c e ,  T O C ) ;  “A ”  m e a n s  
d i s c re p a n c y  w h i l s t  “7s”  f ro m  th e  f ir s t  le t te r  o f  th e  w o rd  “ E m p fin d u n g ” , w h ic h  m e a n s  
“ f e e l in g ” , is  c a lc u la te d  a s  b e lo w  e q u a tio n :

A 7s = 7  (A L *)2 + (A n * )2 +  (A b * Ÿ (E q . 2 .1)
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w h e re  A L *  b e in g  th e  l iq h tn e s s  d i f f e r e n c e ,
A a*  b e in g  th e  r e d /g r e e n  d i f f e r e n c e ,  

a n d  A b *  b e in g  th e  y e l lo w /b lu e  d i f f e re n c e .
T h e  v a lu e s  o f  L * , a * , a n d  b*  a re  th e  C IE L A B  c o lo r  s y s te m  a x is , 

w h ic h  a re  m e a s u r e d  b y  u s in g  a  c o m m e r c ia l  c o lo r  s c a n n e r .  T a b le  2 .6  s h o w s  th e  
r e la t io n s h ip  b e tw e e n  A E  v a lu e  a n d  v is u a l  a s s e s s m e n t .

Table 2 .6  R e la t io n s h ip  b e tw e e n  A E  v a lu e  a n d  v is u a l  a s s e s s m e n t  ( c o lo r  d i f f e re n c e )  
( U n iv e r s i ty  o f  J o h a n n e s b u r g )

AE Color Difference
U p  to  0 .2 N o t  v i s ib le
0 . 2 - 0 . 5 V e ry  s l ig h t
0 . 5 -  1.5 S l ig h t
1 . 5 - 3 . 0 O b v io u s

oCO1orn V e ry  o b v io u s
6 . 0  - 1 2 . 0 L a rg e

M o re  th a n  12 .0 M u c h  la rg e

F ro m  th e  T a b le  2 .5 , it is  v iv id ly  n o t ic e d  th a t  th e  m o r e  A E  v a lu e , th e  
m o re  o b v io u s  c o lo r  d i f f e r e n c e  o f  s a m p le ,  w h ic h  c a n  b e  d e te c te d  b y  th e  n a k e d  e y e s .

2 .1 0 .3  A d v a n ta g e s  o f  C o lo r im e tr ic  M e th o d  b y  C IE L A B  C o lo r  S y s te m
C IE  L * a * b *  c o lo r im e tr ic  m e th o d  is  th e  m a in  m e th o d  a c c e p te d  a n d  

w id e ly  u s e d  fo r  m e a s u r in g  c o lo r  w o r ld w id e .  T h e re  a re  th re e  im p o r ta n t  a d v a n ta g e s :
a. C a lc u la t io n s  a re  s im p le  a n d  a  s m a ll  m o d e l  c o m p u te r  c a n  b e  u s e d  

to  d o  th is  w o rk .
b. T h e  a n t ic ip a te d  r e s u l t s  w ill b e  s im i la r  to  th o s e  g e n e ra te d  b y  

a p p ly in g  th e  fo rm u la .
c. T h e  s y s te m  is  e a s i ly  u n d e r s to o d  a n d  it is  a b le  to  b e  u s e d  b y  

p e o p le  w h o  h a v e  n o  b a c k g r o u n d  o n  th is  c o lo r  s y s te m .
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From the above reasons, the colorimetric technique is the main color
detection method employed in this research and it is already widely used in the
precast industry.
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